Listeriolysin O (LLO) is a cholesterol-dependent cytolysin that is an essential virulence factor of Listeria monocytogenes. LLO poreforming activity is pH-dependent; it is active at acidic pH (<6), but not at neutral pH. In contrast to other pH-dependent toxins, we have determined that LLO pore-forming activity is controlled by a rapid and irreversible denaturation of its structure at neutral pH at temperatures >30°C. Rapid denaturation is triggered at neutral pH by the premature unfolding of the domain 3 transmembrane ␤-hairpins; structures that normally form the transmembrane ␤-barrel. A triad of acidic residues within domain 3 function as the pH sensor and initiate the denaturation of LLO by destabilizing the structure of domain 3. These studies provide a view of a molecular mechanism by which the activity of a bacterial toxin is regulated by pH.
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Listeria ͉ toxin ͉ pore T he contribution of the cholesterol-dependent cytolysin (CDC), listeriolysin O (LLO), to the escape of Listeria monocytogenes (LM) from the macrophage phagosome has been an intensely studied aspect of LM virulence. LLO is a virulence factor of LM and is essential for its escape from the phagocytic vesicle of the macrophage (1) (2) (3) (4) (5) (6) . LLO, a member of the large family of CDCs, was first characterized by Geoffrey et al. (7) , and its pore-forming activity was shown to have a marked pH optimum. LLO exhibits very little cytolytic activity at neutral pH but substantial activity at pH Ͻ6. Within the large family of CDCs, the pH-dependence of pore-forming activity is unique to the listerial CDCs, and this characteristic appears to be important to the successful intracellular replication of LM (1) (2) (3) (4) (5) (6) .
Successful intracellular replication of LM depends on restricting the cytolytic activity of LLO to the macrophage phagosome (1, 2, 8, 9) . The pH dependence of LLO appears to be important to the intracellular survival of LM. LM expressing the pHinsensitive CDC perfringolysin O (PFO) cannot replicate intracellularly and are avirulent (1) . LM expressing PFO could escape the macrophage phagosome, but PFO lysed the plasma membrane and disrupted the intracellular replication of LM. The inhibition of endosome acidification also prevents the formation of LLO pores in the vacuolar membrane (3), consistent with the fact that LLO remains relatively inactive at neutral pH. Therefore, active LLO is necessary in the phagosome for bacterial escape, but its activity must be curtailed in the cytoplasm to prevent plasma membrane lyses.
The molecular basis for the pH effect on LLO activity is unknown. Unrelated pH-activated toxins, such as diphtheria toxin or anthrax toxin, are only active in the low pH environment of the endosome. Both anthrax and diphtheria toxin are inactive at neutral pH, but an acidic pH triggers conformational changes in the ''B'' or translocation domain of each toxin that results in the insertion of transmembrane domains with the concomitant translocation of the enzymatic ''A'' fragment into the eukaryotic cell cytosol (10) (11) (12) (13) (14) . Therefore, diphtheria and anthrax toxin are in a stable but inactive form at neutral pH.
LLO is a pore-forming toxin, and, like other members of the CDC family, LLO monomers oligomerize into large poreforming complexes. The ␤-barrel pore is formed by the contribution of twin transmembrane ␤-hairpins (TMHs) from each CDC monomer in the oligomeric pore complex (15, 16) . We have now determined that LLO is unstable at neutral pH: A triad of acidic residues within the membrane-spanning domain of LLO triggers the premature unraveling of the TMHs in the LLO monomer, resulting in its inactivation.
Methods
Bacterial Strains, Plasmids, and Chemicals. The recombinant gene for LLO was cloned into pET29b as described in ref. 2 . All amino acid substitutions to the LLO gene were generated by using the QuikChange II site-directed mutagenesis kit (Stratagene) and pET29BLLO as template. The gene for Cys-less PFO (15) was placed into pET21d(ϩ) (Novagen) to place the His tag at the C terminus. The sequence of the LLO and PFO genes and their derivatives was confirmed by DNA sequencing (Oklahoma Medical Research Foundation, Oklahoma City, OK). Plasmids were transformed into Escherichia coli Tuner DE3 pLys5 cells for expression of the various recombinant proteins. All chemicals were obtained from Sigma-Aldrich.
Expression and Purification of LLO. The His-tagged proteins were purified as follows. E. coli tuner DE3 pLys S cells transformants were grown overnight in 5 ml of LB broth containing 100 g͞ml kanamycin. Overnight LB cultures were then used to inoculate 1 liter of terrific broth (TB) containing 100 g͞ml kanamycin. The TB cultures were then grown overnight (Ϸ12 h) at 23°C before inducing the expression of the recombinant proteins with 0.5 mM isopropyl ␤-D-thiogalactoside. The cultures were then centrifuged at 4,550 ϫ g for 20 min at 4°C, and the supernatant was discarded. The bacterial pellets were suspended in 150 ml of buffer A (50 mM Hepes͞150 mM NaCl͞30 mM imidazole, pH 8.0). The bacterial suspensions were then passed twice through an EmulsiFlex C-5 cell disrupter from Avestin (Ottawa) with the pressure set at 16,000 psi. Proteases were inhibited by using the Complete protease inhibitor mixture tablets (Roche, Indianapolis) according to the manufacturer's instructions. The cell lysate was centrifuged for 20 min at 21,000 ϫ g to remove cell debris. The supernatant fraction was passed over a 1.5-cm inside diameter ϫ 10-cm Chelating Sepharose Fast Flow column (Amersham Biosciences) preloaded with Co 2ϩ and equilibrated with buffer A. The column was then washed with 30 ml of buffer B (50 mM Mes͞150 mM NaCl͞30 mM imidazole, pH 6.5) followed by a 70-ml gradient to a final concentration of imidazole of 0.15 M. The His-tagged proteins were eluted with buffer B that contained 500 mM imidazole. Purified LLO and mutants were then concentrated, if required, and dialyzed into storage buffer (1 mM Mes͞500 mM NaCl͞2 mM DTT). DTT was not included in the storage buffer when preparing disulfide-locked LLO (LLO DS ). The dialyzed toxins were then passed through a MILLEX GV (Millipore) syringe-driven filter unit (0.22-m pores). Each filtered toxin was mixed with 10% (vol͞vol) glyc-erol, aliquoted, snap-frozen in liquid N 2 , and stored at Ϫ80°C until used. All chromatography was performed with a titanium high-pressure liquid chromatography system (Rainin, Woburn, MA) and DYNAMAX software.
Hemolytic Activity. The hemolytic activity of each toxin on human RBCs was determined as described in ref. 15 , except that the hemolysis buffer (buffer C: 35 mM sodium phosphate͞125 mM NaCl) was adjusted with acetic acid to pH 5.5 or 7.4 as described in ref. 2 . The stability of LLO was determined by removing samples over time from a stirred solution of LLO (179 nM) in buffer C (containing 1 mM DTT), equilibrated to 37°C, and adjusted to pH 5.5 or 7.4. Samples were diluted 1:5 in ice-cold buffer C (pH 5.5) to stop further pH and heat-induced inactivation. The remaining hemolytic activity of the toxin in each sample was then determined at pH 5.5 and 23°C. The rate of hemolysis was determined essentially as described in ref. 17 , except that LLO (22.3 nM or 447 pM) was injected (at 50 s) into 2 ml of a stirred suspension of erythrocytes (1.75 ϫ 10 9 cells per ml) in buffer C at pH 5.5 or 7.4 equilibrated to the required temperature.
Fluorescence Spectroscopy. Changes in the hydrophobicity of monomeric LLO over time were determined by monitoring the change in 1-anilinonaphthalene-8-sulfonic acid (ANS) fluorescence after the addition of LLO or its derivatives. LLO was injected into 2 ml of buffer C (adjusted to pH 5.5 or 7.4 and equilibrated at 23°C or 37°C) in a cuvette placed in the sample chamber of the spectrofluorometer. Buffer C contained 50 M ANS (Molecular Probes). The final concentration of LLO in each sample was 1 M. The excitation and emission wavelengths were set to 371 nm and 482 nm, respectively. The resolution was set to 1.00 s, and the integration time was set to 0.99 s. Bandpass widths were all set to 2 nm. Membrane binding of LLO and its derivatives was determined as described in ref. 18 by following the increase in Trp fluorescence over time as the undecapeptide inserts into the membrane.
Measurement of Solution Aggregation. LLO (final concentration of 223 nM) was injected into a temperature-controlled, stirred cuvette in the spectrofluorometer. Aggregation was determined by measuring changes in the scattered light at 600 nm. The cuvette contained buffer C at pH 5.5 or 7.4 at various temperatures. Experiments that measured the aggregation of LLO DS were done in the presence or absence of 5 mM DTT. The resolution and integration times were set to 1 and 0.5 s, respectively. All bandpass widths were set at 4 nm.
Electron Microscopy of LLO. To form oligomeric complexes of nonheated (23°C) and heat-treated (25 min at 37°C) LLO on cholesterol lipid layers, 13-l droplets of the protein solutions (Ϸ447 nM in buffer C, pH 5.5 or 7.4), were transferred into Teflon wells and coated with 1 l of a 0.5 mg͞ml lipid mix containing Ϸ50 mol% cholesterol (Avanti, Alabaster, AL) and Ϸ50 mol% 1,2 dioleoyl-sn-glycero-3-phosphocholine in chloroform (Avanti). After incubation in a humid chamber at room temperature for Ϸ20 min, the LLO oligomeric complexes were transferred to EM grids and stained with 1% (wt͞vol) uranyl acetate. The LLO oligomeric complexes formed on the lipid layers were observed under a Philips CM200 field emission gun microscope operating at 120 kV. Images were taken at an underfocus of Ϸ2.0 m with a 2K by 2K Teitz charge-couple device camera at a magnification of ϫ69,000 corresponding to 3.7 Å per pixel. LLO exhibited a significantly faster rate of hemolysis at pH 5.5 (t 1/2 Ϸ 140 s) than it does at pH 7.4 at 37°C (t 1/2 Ͼ 400 s) (Fig.  1A) . No significant difference existed in hemolytic rate was observed when the experiment was carried out at 23°C (Fig. 1B) .
Results

LLO
Temperature-and pH-Dependent Stability of LLO. When LLO was maintained at 37°C and pH 7.4, hemolytic activity was rapidly lost ( Fig. 2A) , whereas no significant change in its activity was observed at pH 5.5. PFO appeared to remain relatively stable under all conditions. The loss of activity by LLO did not result from proteolytic degradation of the protein (Fig. 2B ). The loss of activity observed for LLO at pH 7.4 at 37°C could not be restored by incubating the toxin at pH 5.5 at 37°C for an additional 20 h, or for 18 h at 4°C (data not shown). LLO Rapidly Aggregates in Solution at pH 7.4 and 37°C. The loss of LLO activity at pH 7.4 and 37°C appeared to result from its denaturation, which would likely expose core hydrophobic sequences that would result in its aggregation in solution. If significantly sized aggregates were formed, they should more effectively scatter light. At 37°C, a solution of LLO exhibited a dramatic time-dependent increase in scattered light at pH 7.4 but not at pH 5.5 (Fig. 3A) . No increase in light scatter was observed if LLO was maintained at 23°C at either pH (data not shown). PFO did not aggregate into complexes large enough to scatter light at either pH or temperature (Fig. 3A) . Aggregation of LLO was only significant above temperatures of 31°C (Fig. 3B) .
If part of the LLO structure is denaturing, it can be detected by changes in the fluorescence intensity of ANS, a fluorescent probe that only exhibits significant fluorescence when it is bound to hydrophobic sites on a protein molecule (19) . The addition of LLO to a solution of ANS resulted in an abrupt increase in its fluorescence that occurred after LLO was introduced into buffer at pH 5.5 and 23°C or 37°C (Fig. 3 C and D) or at pH 7.4 and 23°C (Fig. 3D) . No change in the fluorescence was detected after this initial increase. However, there was a rapid and significant increase in the fluorescence intensity of the ANS over time when LLO was added to a pH 7.4 buffer that was equilibrated at 37°C (Fig. 3D) . No significant change in the fluorescence of the ANS was observed when PFO was incubated under the same conditions as LLO (data not shown). Under conditions that did not denature LLO, electron microscopy revealed that it formed the characteristic ring and arc-shaped structures, whereas these structures were not detected if LLO was incubated at pH 7.4 at 37°C (Fig. 3E) .
Solution Aggregation of LLO Requires the Unfurling of the Domain 3
TMHs. Studies with PFO have revealed that domain 3 undergoes significant secondary and tertiary structural changes in which six ␣-helices unfurl to form the two TMHs during pore formation (15, 16) . If these hairpins were to prematurely unravel, it would expose core hydrophobic residues protected at the domain 2-domain 3 interface and would also expose the amphipathic structures of the TMHs to the aqueous milieu. The insertion of the TMHs can be prevented in PFO by restricting the movement of TMH1 by introducing a disulfide bond between Ser-190 in TMH1 and Gly-57 in domain 2 (20) . By substituting Cys for residues Gly-80 and Ser-215 of LLO, an analogous derivative was generated in LLO (LLO DS ).
Like the disulfide-locked PFO, LLO DS was not active unless the disulfide bond was reduced with DTT. When the disulfide was reduced, it exhibited hemolytic activity nearly identical to native LLO (data not shown). The intact disulfide significantly reduced the rate of loss of LLO hemolytic activity (Fig. 4A) , whereas prereduced LLO DS aggregated in solution at a rate similar to that observed with native LLO at pH 7.4 and 37°C (Fig.  4B) . If the disulfide of LLO DS remained oxidized, very little aggregation was detected, but, upon the reduction of the disulfide bond, LLO DS began to aggregate immediately (Fig. 4B) .
We also compared the hydrophobicity of LLO DS in its oxidized and reduced forms (Fig. 4C) . ANS binding to the reduced LLO DS was significant and more rapid that native LLO, suggesting that the substitution of the two Cys residues further destabilizes domain 3 when the disulfide is reduced. After the rapid increase in ANS binding, the fluorescence intensity decreases as a result of self-quenching of the dyes as the LLO aggregates. In contrast, the oxidized form of LLO DS bound ANS to a lesser extent, indicating that the intact disulfide reduced the exposure of the hydrophobic site to the dye. Also, the slow decrease in the fluorescence intensity was not observed for the oxidized LLO DS , consistent with lack of aggregation observed for LLO DS when the disulfide remained intact. These results show that the disulfide prevents the unfurling of domain 3 to an extent that the LLO monomers do not aggregate in solution. However, local structural changes within domain 3 still occur that slowly denature LLO, as reflected in the slower rates of ANS binding and of hemolytic activity.
Charge Neutralization Prevents LLO Denaturation. Increased NaCl concentration significantly stabilized LLO to denaturation at pH 7.4 and 37°C (data not shown). At 500 mM NaCl, no significant aggregation of LLO was observed, and it retained nearly 70% of its hemolytic activity after 10 min, compared with 5% for LLO maintained at 125 mM NaCl. other pH-independent CDCs revealed the presence of 12 acidic and 4 basic residues that were unique to the listerial CDCs. The majority of the acidic residues (9 of 12) were conspicuously present in the region of LLO that corresponds to domain 3 of PFO.
The charged residues that were unique in LLO domain 3 were individually substituted with the analogous residues found in PFO at these positions. One mutant, Glu-2473Met, exhibited a significant improvement in its stability at pH 7.4; it retained 32% of its activity after 16 min of incubation, compared with 2% for LLO (Fig. 5A) . Glu-247 is predicted to be located in domain 3 near Asp-208 and Asp-320 in the PFO-based LLO structural model (Fig. 6) , and all three acidic side chains are predicted to point inwards toward each other.
The LLO D208S mutation was toxic to E. coli by itself or when combined with the E247M mutation and could not be studied further (data not shown). The hemolytic activity of LLO E247M , LLO D320K , and LLO E247M/D320K at pH 5.5 was similar to that of native LLO and exhibited an HD 50 of Ϸ0.3 nM. The single mutation, LLO D320K , exhibited a minimal effect on the stability of LLO (data not shown); however, the double mutant that contained the Glu-247 and Asp-320 substitutions (LLO E247M/D320K ) was completely stable to denaturation (Fig. 5B) , and the binding of ANS to LLO E247M/D320K was dramatically reduced (Fig. 5C ).
Molecular Basis of the pH-Insensitive Mutant LLO L461T . The LLO
L461T mutation is present in one of the three loops at the tip of domain 4 ( Fig. 6 ) previously shown in PFO to insert into the membrane (2, 21) . The interaction of domain 4 with the membrane triggers the movement of the ␤5␣1-loop in domain 3 ( Fig. 6 ) away from ␤-strand 4, allowing the edge-on interaction of ␤-strands 1 and 4 of individual monomers to promote their oligomerization into the pore-forming complex (22) . Interestingly, the LLO 461T mutant did not exhibit a significant difference in its pH-and temperature-dependent inactivation from that of native LLO (data not shown). Therefore, it was initially not clear how the LLO 461T mutant overcame pH-dependent denaturation. The identification of another mutant in the domain 3 ␤5␣1-loop suggested a possible answer because this mutation was in the loop of domain 3 that controls oligomerization. Mutation of Glu-355 (which is located in the predicted ␤5␣1-loop of LLO) (Fig. 6) to His (found at this position in PFO) resulted in a mutant LLO that exhibited characteristics nearly identical to LLO L461T . No significant difference in the rate or magnitude of binding to liposomes was observed for LLO L461T , LLO E355H , or native LLO when each was mixed with liposomes (data not A disulfide bridge stabilizes LLO to denaturation. A disulfide bridge was introduced into the structure of LLO at residues Gly-80 and Ser-215, and the ability of the bridge to protect LLO from denaturation was examined before and after reduction of the disulfide bond. (A) The loss of hemolytic activity by LLO DS at 37°C and pH 7.4 when the disulfide was oxidized (o) or reduced (r). Samples were withdrawn at the times indicated and then assayed for remaining hemolytic activity at pH 5.5 in the presence of 5 mM DTT. (B) Solution aggregation of LLO DS was examined by the measurement of scattered light at pH 7.4 and 37°C in the absence (o) or presence (r) of reducing agent. LLO DS (o) was incubated at pH 7.4 and 37°C for 20 min before the addition of DTT (arrow) to reduce the disulfide bond. (C) The relative hydrophobicity of LLO DS was determined at 37°C by ANS binding under the conditions shown. The pH at which binding was measured is shown on the graph when the disulfide was oxidized (o) or reduced (r). au, arbitrary units. shown). In addition, these mutations did not significantly affect the rate of denaturation of LLO over that of native LLO (data not shown). The specific activity of each mutant LLO was also similar to native LLO at pH 5.5 (HD 50 ϭ 0.5-1 ng). However, the LLO E355H and LLO L461T mutations significantly increase the rate of hemolysis at nondenaturing (23°C) and denaturing (37°C) temperatures at pH 7.4 (Fig. 7) . Both mutations are in regions of LLO that are analogous to those previously shown to be conformationally coupled in PFO and to control oligomerization (18, 22) . Taken together, these data show that both mutants appear to speed up the rates of pore formation that likely occur by changes in the rate of oligomerization, which is the rate limiting step in pore formation (20) .
Discussion
The pH dependence of LLO cytolytic activity results from a pHand temperature-driven denaturation of LLO. The critical step in the inactivation of the soluble LLO monomer is the premature unfolding of the domain 3 TMHs of LLO, structures that normally insert into the membrane of the cell to form the transmembrane ␤-barrel pore (15, 16) . The premature unfurling of the TMHs is regulated by the presence of an acidic triad of residues in domain 3. These residues function as the pH sensor and initiate LLO denaturation. Denaturation of LLO also requires temperatures of Ͼ30°C and so conditions of elevated temperature and neutral pH must be met to trigger the denaturation of LLO. Both conditions are present only in the eukaryotic cytosol during the intracellular invasion of the macrophage by LM. In contrast to other CDCs, the TMHs of LLO exhibit a dual function: They form the transmembrane ␤-barrel at acidic pH (when LLO is present in the acidic environment of the phagosome), but, at neutral pH (the eukaryotic cytosol), these same regions prematurely unravel in the monomer to denature LLO.
Glu-247, Asp-320, and Glu-208 form the pH sensor that triggers the pH-dependent denaturation of LLO. The juxtapositioning of the carboxylates of these acidic residues in domain 3 is well suited to destabilize the domain 3 ␣-helices by means of charge repulsion between the three carboxylates (Fig. 6) . Although the pK a of the carboxylates of Asp and Glu is typically pH 3-4, there are many instances in which the pK a of juxtaposed protein carboxylates is shifted to a pH of 6-8, because of charge repulsion of the juxtaposed carboxylates (23) (24) (25) (26) (27) . As the pH increases the carboxylates are increasingly deprotonated, thus increasing the charge repulsion between these residues that results in the destabilization of domain 3. It is interesting that the substitution of Asp-320 alone did not appear to affect the denaturation process, but it had a significant effect on denaturation when combined with the E247M mutation. In the absence of Glu-247, charge repulsion between Glu-208 and Asp-320 is apparently sufficient to drive denaturation of LLO but at a significantly slower rate than when Glu-247 is present. In contrast, when Asp-320 is substituted with Lys there wasn't a significant change in the rate of denaturation, suggesting that the dominant interaction occurs between the acidic groups of Glu-247 and Glu-208. Hence, in the absence of Glu-247, the interaction of Asp-320 and Asp-208 is apparently sufficient to drive denaturation but at a much slower rate. The scenario is also consistent with the observation that a high salt concentration suppresses the denaturation of LLO, as would be expected if the carboxylate charge was neutralized. Domain 3 is normally poised to unfold the two ␣-helical bundles that are converted to the two TMHs that span the bilayer during pore formation (15, 16) . Domain 3 is in a metastable state, the interface between domains 2 and 3 is not complementary, and there is a significant twist to the domain 3 core ␤-sheet. To extend the ␣-helices into the two TMHs, domain 3 must swing away from domain 2 and relieve the twist in the domain 3 core ␤-sheet (15, 16) (Fig. 6) ; thus, the domain 2-domain 3 interface is designed to be disrupted (28) . At low pH (as in the phagosome that contains a LM cell), the metastable state of domain 3 is maintained because the carboxyl groups of the acidic triad are Shown is a structural model of LLO based on the crystal structure of PFO and the predicted locations of Glu-247, Asp-208, and Asp-320 of the acidic triad and residues Glu-355 and Leu-461. Shown in gray is the ␤5␣1-loop, and shown in magenta are the ␣-helical bundles that unfurl to form the TMHs. ␤1 and ␤4, domain 3 ␤-strands 1 and 4. The PFO-based LLO structural model was generated with SWISS MODEL (29) , and the ribbon representation was generated with MOLMOL (30) . D1-D4, domains 1-4. largely protonated. Therefore, at low pH, the domain 3 ␣-helical bundles from each monomer only undergo their ␣-helical to ␤-strand transition when the monomers are bound to the membrane and oligomerized into the prepore complex, at which time they insert into the membrane to form the ␤-barrel pore. If, however, the soluble and membrane-bound LLO monomers are present in a neutral pH environment at 37°C (as in the eukaryotic cytosol), the carboxylates of the acidic triad would be largely deprotonated. Charge repulsion of the carboxylates perturbs the structure of domain 3, causing the disruption of the domain 2-domain 3 interface and the premature unfolding of the domain 3 ␣-helical bundles before they can form productive intermolecular interactions with other membrane-bound monomers. The rate at which LLO inactivation occurs can be significantly reduced by tethering the domain 3 ␣-helical bundle of LLO that ultimately forms one of its two TMHs (Fig. 6 ) to domain 2 with a disulfide. The disulfide restricts the movement of domain 3 away from domain 2 and prevents pore formation, similar to that found for PFO (18, 20) . When oxidized, this disulfide also significantly reduced the rate of LLO denaturation, as evidenced by the reduced rates of ANS binding and loss of hemolytic activity. Thus, domain 3 plays a key role in the initiation of the pH-dependent denaturation of LLO.
Deprotonation of the carboxylates alone is not sufficient to drive the unfolding of domain 3 because LLO denaturation is only detected at temperatures Ͼ31°C. The codependence of LLO denaturation on pH and temperature suggests that the process cannot be driven by electrostatic effects alone. It is likely that elevated temperature is necessary to weaken various temperature-sensitive interactions (i.e., van der Waal, ionic, dipole, and hydrogen bond interactions) within domain 3 and between domains 2 and 3.
Glomski et al. (2) described a pH-insensitive mutant of LLO in which Leu-461 (LLO 461T ) was converted to Thr. LLO 461T did not support intracellular survival of LM, and it was significantly less virulent. The molecular basis for this mutant was a particularly vexing problem because it was not clear how a change in an uncharged residue could alter a pH-dependent process. We now show that LLO L461T and the LLO E355H mutant overcome the pH-dependent denaturation of membrane-bound LLO by speeding up the rate of productive pore formation. Because binding is not affected, this increased rate of pore formation is likely accomplished by increasing the rate of intermolecular alignment of the TMHs, the critical step in the formation of a functional pore (22) . As we have shown, neutral pH triggers these structures to prematurely unravel in native LLO before they can form productive intermolecular interactions. Both mutants, however, appear to usurp this process by increasing the rate at which the TMHs form productive interactions that lead to pore formation. Each mutation is in different regions of the toxin that have been previously shown to be conformationally coupled and required for oligomerization of PFO (18, 22) . Glu-355 is present in LLO within the predicted ␤5␣1-loop that must swing away from ␤-strand 4 (␤4) to allow the edge-on alignment of ␤1 and ␤4 of two monomers (Fig. 6) . Movement of the ␤5␣1-loop is triggered by the interaction of the domain 4 with the membrane and includes the loop that contains Thr-436 in PFO (21) that corresponds to Leu-461 in LLO. We propose that at neutral pH and 37°C these mutations alter the balance in favor of forming functional pores, presumably by promoting an increased rate of productive intermolecular TMH alignment before the acidic triad in domain 3 can trigger the premature, nonproductive unfurling of the TMHs.
These studies show that the activity of the LLO is regulated by a temperature-and pH-dependent denaturation of the protein.
We have shown that the molecular basis of this regulation involves the premature unfolding of the domain 3 TMHs of LLO that are controlled by an acidic triad of amino acids. Therefore, at a physiological temperature of 37°C, LLO can sense its environment and remain in a stable, pore-forming molecule under the acidic conditions or undergo an irreversible denaturation at neutral pH.
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